1. Introduction to JNK and related diseases {#s0005}
===========================================

JNKs belong to the mitogen-activated protein kinases (MAPKs) [@b0005], which are activated in response to environmental stress and pro-inflammatory cytokines [@b0010]. JNKs are serine/threonine kinases phosphorylating several substrates such as c-Jun and activating transcription factor 2. There are three closely related genes, *JNK1*, *JNK2*, and *JNK3*, encoding 10 splice variants of JNKs [@b0015]. While JNK1 and JNK2 are expressed in a variety of tissues, JNK3 is almost exclusively expressed in the brain, with very low levels expressed in the heart and testes [@b0020]. The JNK cascade has been under investigation for the past 20 years. For JNK signaling, two MAPK kinases, MKK4 and MKK7, directly activate JNKs. MKK4 and MKK7 preferentially phosphorylate JNK on tyrosine and threonine within the JNK's activation loop, respectively [@b0025]. Since the dual phosphorylation of JNK on tyrosine and threonine is needed for full activation, MKK4 and MKK7 may cooperate to active JNK [@b0030]. Both MKK4 and MKK7 are activated by various MAPKK kinases, including mixed lineage protein kinases (MLKs), apoptosis signal-regulating kinases (ASKs) and dual leucine zipper kinase (DLK) [@b0035]. The JNK pathway is implicated in a wide range of physiological processes including neuronal function, immune activity, and embryonic development, as well as in variety of pathological conditions including neurodegenerative diseases, cancer, and inflammation [@b0040], [@b0045].

Several *in vitro* and *in vivo* studies have been conducted to evaluate the JNKs' role in CNS disorders. Phosphorylated JNKs were found to be increased in postmorterm brain tissue samples of patients of Alzheimer's disease (AD) [@b0050]. Particularly, JNK3 was significantly expressed and phosphorylated in the brain and cerebrospinal fluid of patients with AD, and the level of JNK3 phosphorylation was connected statistically to the rate of cognitive decline [@b0055]. It has been shown that Aβ peptides, which are deposited largely in the extracellular space of the brain in AD patients, were able to activate JNK3 in *in vitro* experiments on the primary cortical cultures from Wistar rat as well as in SH-SY5Y neuroblastoma cells [@b0060], [@b0065]. Yoon et al. showed that JNK3 was responsible for the phosphorylation of the β-amyloid precursor protein, which stimulated Aβ42 production. Depletion of the *Jnk3* gene from familial AD mice led to a significant drop in the Aβ42 peptide level and neuritic plaques, and consequently increased the number of neurons and improved cognition [@b0070]. Impaired synaptic plasticity is one of the early events in AD [@b0075]. Several studies indicated that JNK plays a key role in the regulation of synaptic plasticity. Study of Li et al. showed that *Jnk1*-deficient mice (*Jnk1 -/-*) enhanced short-term synaptic plasticity and exhibited impairment of metabotropic glutamate receptor-dependent long term depression in hippocampus [@b0080]. Curran et al. suggested that acute over-activation of JNK was associated with the inhibition of long-term potentiation [@b0085]. JNK activation induced by JNK-interacting protein 1 (JIP1) negatively regulated the NMDA receptor-mediated synaptic plasticity and memory [@b0090]. These data identified JNK3 as a potential target for therapeutic intervention in AD.

JNK signaling is also implicated in the pathological progression of Parkinson's disease (PD). It has been shown that JNK phosphorylation increased in response to the unfolded/misfolded protein which was implicated in PD [@b0095]. Several studies demonstrated that JNKs are activated in PD mouse models [@b0100], [@b0105], [@b0110]. *Jnk3* knockout mice showed a significant improvement in dopaminergic neuronal survival in the substantia nigra par compacta relative to wild-type mice in the 6-OHDA-induced neurotoxicity model [@b0115]. Wang et al. reported that dopaminergic neurons were protected from apoptosis due to the inhibition of JNK by its specific inhibitor, SP600125 [@b0120]. These results indicate the potential role of JNK inhibition in the treatment of PD. Altogether, current evidence suggests that JNK inhibitors may offer a promising therapeutic approach for the treatment of neurodegeneration.

The JNK signaling pathway is believed to be involved in numerous inflammatory diseases such as inflammatory bowel disease and rheumatoid arthritis. JNK regulates T cell activity and production of pro-inflammatory cytokines including TNF-α, IL-1β, and IL-6. Inhibition of JNK signaling caused a decrease in the expression of these pro-inflammatory cytokines [@b0125] as well as chemokines CCL17 and CCL22 [@b0130]. JNK activation was increased in the inflamed intestinal tissue of a colitis mouse model induced by dextran sodium sulphate (DSS). Treatment with a JNK inhibitor, SP600125, significantly protected the DSS mouse model from the inflammatory infiltrates in the lamina propria and edema of the colon submucosa [@b0135], [@b0140]. Guma et al. examined the roles of JNK1 and JNK2 in antigen-induced arthritis. Mice with genetically depleted *Jnk1* showed a significant decrease in inflammatory cell infiltration and joint damage compared to the disrupted *Jnk2* and wild-type mice in the methylated bovine serum albumin model [@b0145]. These data indicate that JNK-selective or isoform-selective inhibitors hold promise in treating inflammatory disease states.

Studies in various JNK knockout mouse cancer models have led to contradictory findings. While some studies support the pro-oncogenic function of JNKs, others indicate that JNKs act as tumor suppressors. Shibata et al. reported that *Jnk1* knockout mice exhibited a significant decrease in gastric carcinogenesis in the N-methyl-N-nitrosourea cancer model relative to wild-type mice [@b0150]. Han et al. showed that myeloid cell-specific *Jnk1/2* deficiency significantly suppressed the development of fulminant hepatitis and hepatocellular carcinoma (HCC) in *Jnk1*/2 knockout mice compared to wild-type mice [@b0155]. However, it has been shown that *Jnk1*/2 disruption in hepatocytes stimulated the development of HCC in the diethylnitrosamine-induced liver cancer mouse model by increasing cell proliferation and cytokine expression [@b0160]. These findings emphasize the importance of isoform-specific JNK inhibitors to clearly define the role of each JNK isoform in cancer promotion and suppression.

JNKs also are considered to be involved in a variety of other pathological states. A number of studies have suggested the critical role of JNKs in pulmonary fibrosis and allergic airway diseases. It has been reported that JNK1, but not JNK2, plays a causal role in the epithelial to mesenchymal transition induced by TGF-β1 and in profibrotic gene expression [@b0165]. *Jnk1*-disrupted mice showed a decrease in profibrotic gene expression and accumulated less subepithelial collagen in the interstitial pulmonary fibrosis mouse model induced by TGF-β1 and bleomycin [@b0170]. The JNKs' role in the progression from insulin resistance to diabetes is unclear. Emerging evidence suggests that while JNK1 and JNK2 promote insulin resistance and obesity development [@b0175], [@b0180], JNK3 appears to protect from excessive adiposity, and possibly also loss of β-cell function [@b0185], [@b0190], [@b0195]. The development of isoform-specific inhibitors will be necessary to exploit the JNKs' role in obesity and diabetes. JNKs have also generated interest as a potential target for intervention in ischemic brain and heart injury. JNK activation stimulates inflammation and ischemic cell death [@b0200]. Permanent occlusion of the middle cerebral artery significantly enlarged the infarction in *Jnk1* knockout mice, in which JNK3 showed an increased expression in the penumbra [@b0115]. On the other hand, Kaiser et al. showed that *Jnk1* knockout and *Jnk2* knockout mice exhibited less injury and cellular apoptosis in a model of myocardial ischemia-reperfusion injury [@b0205].

In summary, the JNK pathway is involved in the pathogenesis of many diseases. The variety of physiological properties of JNK isoforms and the cross-talk between JNK signaling and other pathways preclude the use of non-specific inhibitors [@b0210]. Development of highly selective and nontoxic inhibitors of JNK isoforms is needed to identify the specific role of each JNK isoform in multiple disease states, and further, to identify potential therapeutic agents in those disease states.

2. Structure of JNKs {#s0010}
====================

The overall structure of JNKs greatly resembles the structure of other closely related MAP kinases such as ERK2 and p38 [@b0210]. It consists of a smaller N-terminal lobe composed of mostly β strands and a larger C-terminal lobe with mainly α helices that connects to the N-terminal domain through a flexible hinge-like region ([Fig. 1](#f0005){ref-type="fig"}A). The interface of N and C lobes possesses a deep cleft which contains the ATP-binding site. Currently, the majority of drug discovery efforts for JNKs have targeted the ATP-binding site or the interaction with the scaffold protein JNK interacting protein (JIP). Most reported inhibitors are type I kinase inhibitors that bind to the highly conserved ATP-binding pocket. The major problem with this is that the ATP-binding site shares a very high percentage of homology across JNK isoforms, up to 98%, hence the JNK inhibitors lack selectivity. Nevertheless, there are differences in amino acid sequence in hydrophobic region, where the inhibitors are accessible by the gatekeeping residue Met146 (numbering in JNK3, [Fig. 1](#f0005){ref-type="fig"}B). Those amino acids are Ile92 and Met115 for JNK3 and the corresponding ones for JNK2 are Val54 and Leu77, respectively. Leu144 for JNK3 corresponds to Ile106 for JNK1. The accessibility of inhibitors to this region is very important to the inhibitory activity of inhibitor in terms of not only potency but also selectivity. For ATP binding to JNK, the gatekeeper is in closed state, thus, the hydrophobic region does not contact with ATP molecule. This feature of the protein structure may facilitate selectivity against JNK isoforms, and an increasing number of studies are reporting attempts to design JNK isoform-selective inhibitors. The efforts in the development of JNK inhibitors have been reviewed by Siddiqui and Reddy [@b0215], Graczyk [@b0045], and Koch et al. [@b0220]. Current review of Koch summarizes the progress in the development of reversible and irreversible JNK3 inhibitors [@b0225]. This review will summarize the information gained from JNK-ligand structures and classify the inhibitors into several groups including inhibitors in the open conformation and closed conformation of the gatekeeper residue, non-ATP site binders, peptides, covalent inhibitors, and type II kinase inhibitors. Through this work, deep insight into the interaction of inhibitors with JNKs can be gained and this will be helpful for developing novel, potent, and selective inhibitors.Fig. 1Structure of JNK3 in complex with AMP (PDB 4KKE). (A) The overall structure of JNK3 is displayed in the gray ribbon diagram, AMP is shown as a yellow stick model, and the gatekeeper residue, Met146, in its "closed" conformation, is highlighted in green. (B) Detailed view of hydrophobic pocket, which is gated by Met146. Key residues are displayed as sticks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3. Inhibitors with the closed conformation of the gatekeeper {#s0015}
============================================================

Inhibitors with the closed conformation of the gatekeeper Met146 showed broad spectrum of inhibition against all JNK isoforms.

Anthrapyrazolone SP600125 was one of the early pan-JNK inhibitors reported by Celgene (compound **1** in [Table 1](#t0005){ref-type="table"}) [@b0230]. This inhibitor was competitive with ATP and exhibited selectivity toward a small number of kinases. SP600125 inhibited the phosphorylation of c-Jun and modulated the expression of inflammatory cytokines such as IL-2 and TNF-α. It has been used in numerous studies to define the role of JNKs in multiple pathological states such as PD, diabetes, and inflammatory diseases [@b0135], [@b0140], [@b0235], [@b0240], [@b0245].Table 1Structures and *in vitro* characteristics of inhibitors binding to JNK with Met146 in "closed conformation"Compounds*In vitro* characteristicsCompounds*In vitro* characteristics![](fx1.gif)IC~50~ (JNK1) = 40 nM\
IC~50~ (JNK2) = 40 nM\
IC~50~ (JNK3) = 90 nM![](fx2.gif)IC~50~ (JNK1) = 1.6 μM\
IC~50~ (JNK2) = 23 μM\
IC~50~ (JNK3) = 2.2 μM\
IC~50~ (p38α) \> 50 μM\
IC~50~ (ERK2) \> 50 μM![](fx3.gif)IC~50~ (JNK1) = 48 nM\
IC~50~ (JNK2) = 470 nM\
IC~50~ (JNK3) = 77 nM\
IC~50~ (p38α) \> 50 μM\
IC~50~ (ERK2) \> 50 μM![](fx4.gif)IC~50~ (JNK1) = 14 nM\
IC~50~ (JNK2) = 43 nM\
IC~50~ (JNK3) = 11 nM\
IC~50~ (p38α) \> 50 μM\
IC~50~ (ERK2) \> 50 μM![](fx5.gif)IC~50~ (JNK1) = 2 nM\
IC~50~ (JNK2) = 5 nM\
IC~50~ (JNK3) = 9 nM\
IC~50~ (p38α) \> 50 μM\
IC~50~ (ERK2) \> 50 μM![](fx6.gif)IC~50~ (JNK1) = 92 nM\
IC~50~ (JNK2) = 67 nM\
IC~50~ (JNK3) = 412 nM\
IC~50~ (p38α) = 4863 nM\
IC~50~ (CDK2) = 412 nM![](fx7.gif)IC~50~ (JNK1) = 13 nM\
IC~50~ (JNK2) = 25 nM\
IC~50~ (JNK3) = 57 nM\
IC~50~ (p38α) = 5423 nM\
IC~50~ (CDK2) = 1517 nM![](fx8.gif)IC~50~ (JNK1) = 22 nM\
IC~50~ (JNK2) = 5 nM\
IC~50~ (JNK3) = 5 nM\
IC~50~ (CDK2) \> 10 μM\
IC~50~ (c-Jun) = 3.8 μM![](fx9.gif)IC~50~ (JNK1) = 24 nM\
IC~50~ (JNK2) = 97 nM\
IC~50~ (JNK3) = 114 nM\
IC~50~ (p38α) \> 10 μM\
IC~50~ (CDK1) = 1.52 μM IC~50~(CDK2) = 0.30 μM![](fx10.gif)IC~50~ (JNK1) = 16 nM\
IC~50~ (JNK2) = 66 nM\
IC~50~ (c-Jun) = 1.1 μM![](fx11.gif)IC~50~ (JNK1) = 3 nM\
IC~50~ (JNK2) = 20 nM\
IC~50~ (c-Jun) = 0.24 μM![](fx12.gif)IC~50~ (JNK1) = 99 nM\
IC~50~ (JNK3) = 148 nM\
IC~50~ (p38α) \> 20 μM![](fx13.gif)IC~50~ (JNK1) = 18 nM\
IC~50~ (JNK2) = 18 nM\
IC~50~ (JNK3) = 58 nM IC~50~ (p38α) \> 10 μM![](fx14.gif)IC~50~ (JNK1) = 21 nM\
IC~50~ (JNK2) = 66 nM\
IC~50~ (JNK3) = 15 nM\
IC~50~ (p38α) \> 10 μM![](fx15.gif)IC~50~ (JNK1) = 0.37 μM\
IC~50~ (JNK2) = 0.96 μM![](fx16.gif)IC~50~ (JNK1) = 0.062 μM\
IC~50~ (JNK2) = 0.17 μM\
IC~50~ (p38γ) \> 10 μM\
EC~50~(HK-2) = 10 μM![](fx17.gif)IC~50~ (JNK1) = 91 nM\
LYSA = \< 1 μg/mL![](fx18.gif)IC~50~ (JNK1) = 0.012 μM\
EC~50~(HK-2) = 4.1 μM![](fx19.gif)IC~50~ (JNK1) = 1 μM\
IC~50~ (p38) \> 50 μM\
IC~50~ (ERK2) \> 50 μM![](fx20.gif)IC~50~ (JNK1) = 0.29 μM\
IC~50~ (Pc-Jun) = 0.85 μM![](fx21.gif)IC~50~ (JNK1) = 1.9 μM\
IC~50~ (p38) \> 100 μM\
IC~50~ (ERK2) \> 100 μM\
IC~50~ (c-Jun) = 22.3 μM![](fx22.gif)IC~50~ (JNK1) = 9 nM\
IC~50~ (p38) \> 50 μM\
IC~50~ (ERK2) = 25 μM\
IC~50~ (c-Jun) = 1.22 μM![](fx23.gif)IC~50~ (JNK1) = 0.75 μM\
IC~50~ (JNK2) = 1.1 μM\
EC~50~ (Pc-Jun) = 6.8 μM![](fx24.gif)IC~50~ (JNK1) = 0.036 μM\
IC~50~ (JNK2) = 0.07 μM\
EC~50~ (Pc-Jun) = 1.75 μM![](fx25.gif)IC~50~ (JNK1) = 0.012 μM\
IC~50~ (JNK2) = 0.053 μM\
EC~50~ (Pc-Jun) = 0.11 μM![](fx27.gif)IC~50~ (JNK1) = 1.4 μM\
IC~50~ (p38) \> 10 μM\
IC~50~ (ERK1) \> 10 μM![](fx26.gif)IC~50~ (JNK1) = 0.086 μM\
IC~50~ (p38) \> 1.1 μM\
IC~50~ (ERK1) \> 1.1 μM![](fx28.gif)IC~50~ (JNK1) = 0.03 μM\
IC~50~ (JNK2) = 0.034 μM\
IC~50~ (p38) \> 11 μMIC~50~ (ERK1) \> 11 μM\
EC~50~ (AP-1) = 2.6 μM![](fx29.gif)IC~50~ (JNK1) = 6 nM\
EC~50~ (AP-1) = 0.72 μM![](fx30.gif)IC~50~ (JNK3) = 0.59 μM![](fx31.gif)IC~50~ (JNK3) = 0.15 μM\
IC~50~ (p38) \> 20 μM![](fx32.gif)IC~50~ (JNK1) = 0.49 μM\
IC~50~ (JNK3) = 1 μM\
IC~50~ (p38) \> 20 μM![](fx33.gif)IC~50~ (JNK1) = 0.14 μM\
IC~50~ (JNK3) = 0.16 μM\
IC~50~ (p38) \> 20 μM![](fx34.gif)IC~50~ (JNK1) = 4.6 μM![](fx35.gif)IC~50~ (JNK3) = 181 nM\
IC~50~ (p38α) = 11 nM![](fx36.gif)IC~50~ (JNK3) = 363 nM\
IC~50~ (p38α) \> 10 μM

Investigators at Elan Pharmaceuticals tested thiophene- and thiazole-based JNK inhibitors for the prevention of neurodegeneration [@b0250], [@b0255], [@b0260]. Compound **2** was identified as a promising hit by a high throughput screening (HTS) campaign. The X-ray crystal structure of compound **2** in complex with JNK3 (PBD 3OXI) revealed that the thiophene ring was made hydrophobic contact with the gatekeeper Met146, and the carbonyl oxygen atom formed an important hydrogen bond with the backbone amide of Met149 at the hinge region. X-ray crystal structure-guided optimization led to the identification of the improved compound **3** [@b0250].

A second series of thiophene inhibitors originated from the hypothesis that utilizing the third substituent of tri-substituted thiophenes to explore the large hydrophobic pocket I may improve JNK3 potency and selectivity. Structure-guided structure-activity relationship (SAR) studies led to the design of compound **4**, which showed JNK selectivity over p38α and ERK2 and a clean profile after screening a panel of 38 kinases. A crystal structure of JNK3 in complex with a compound in this series (PDB 3PTG) revealed that the 4-position substituent of the thiophene was close to the gatekeeper residue Met146. Guided by metabolite identification studies to improve the selectivity and pharmacokinetic properties of this series, compound **5** was obtained. The screen against a panel of 36 kinases revealed a clean profile, with only inhibition of JNK3 at the concentrations tested [@b0255].

Alam et al. developed a series of aminopyrimidines as inhibitors for JNKs [@b0265]. By screening the compound collection of Union Chimique Belge (UCB), compound **6** was obtained with potential JNK activity. The X-ray crystal structure of compound **7**, an analog of compound **6**, bound to JNK3 (PDB 2P33) revealed that the aminopyrimidine nitrogens formed two hydrogen bonds with the backbone of Met149 in the hinge region, the indole was placed in the ribose-binding site of JNK3, and the 5′-chlorine sterically interacted with the sulfur of the gatekeeper Met146. SAR analysis was employed with the hypothesis that the movement of Met146 could be utilized to induce JNK selectivity over CDK2. The optimization led to compound **8**, which exhibited highly potent inhibitory activity against JNK1, JNK2, and better selectivity over CDK2. The docking model of compound **8** bound to JNK3 suggested that the phenyl group could move Met146 and access the selectivity pocket to induce JNK potency and selectivity over the closely related MAPKs.

Roche reported aminopyrimidine JNK inhibitors [@b0270], [@b0275]. Compound **9** exhibited selectivity for JNKs over the CDKs and p38. The cyclohexyl-amine substituents of compound **9** affected the kinase selectivity, and the 1,2,3-benzotriazole group played a role in cytochrome P450 (CYP) inhibition. Kinase profiling and structure-based drug design (SBDD) led to compound **10**, with the indole and indazole scaffold replacement affording favorable selectivity and reasonable pharmacokinetic properties. The X-ray crystal structure of a compound in this series bound to JNK1β (PDB 4HYU) showed that the indazole-aminopyrimidine interacted with the backbones of amino acids Glu109, Leu110, and Met111 (numbering in JNK1β) in the hinge region via two hydrogen bonds ([Fig. 2](#f0010){ref-type="fig"}). The propoxysulfone moiety was positioned under the glycine-rich loop and made hydrogen bonds with residues Gln 37 and Lys55. In [Fig. 2](#f0010){ref-type="fig"}, it is obvious that there is no contact between the inhibitor and the hydrophobic region of JNK since the sidechain of Met108 is in the closed conformation and blocks the entry of the compound to the region. SAR-based optimization was explored and resulted in compound **11**. Compound **11** showed an IC~50~ value of 3 nM for JNK1 and 20 nM for JNK2, which represented 40-fold greater selectivity compared to the 317 other kinases. The oral bioavailability in rat and dog was 100% and 15%, respectively, at the dose of 2 mg/kg, making it good enough for further *in vivo* characterization.Fig. 2Structure of JNK1β in complex with aminopyrimidine derivative (PDB 4HYU). The sidechain of the gatekeeper, Met108 of JNK1β is in the closed conformation and blocks the hydrophobic region. The hydrogen bonds between the compound and JNK1β are shown with dashed red line. In the gatekeeper closed conformation, there is no interaction between the inhibitor and the hydrophobic region of kinase. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Kamenecka et al. reported a class of aminopyrimidine JNK inhibitors exhibiting the brain penetration properties [@b0280]. Compound **12**, which included 1,2,4-morpholino substituted triazoles, was selected as the most potent compound with good cell-based potency and brain penetration properties. Crystal structure of compound **12** in the complex with JNK3 (PDB 3KVX) revealed that compound **12** did not form any hydrogen bonding interaction with any residues of JNK3. The aminopyrimidine portion occupied within the adenosine binding region, and the morpholino substituent on the phenyl ring placed in the hydrophilic sugar pocket of ATP-binding site. Glycine-rich loop containing Ile70-Val78 was seen to move downwards to form a more compressed active site. The planar nature and the hydrophobic interactions appeared to contribute to the stability this compound in the ATP-binding pocket. In the biochemical assay, the IC~50~ values of compound **12** for the inhibition of JNK1, JNK3 and p38 were 0.099 μM, 0.148 μM, and \>20 μM, respectively. Compound **12** also showed good oral exposure (AUC = 1.4 mM 3 h at 2 mg/kg dose), good oral bioavailability (45%), and reasonable half-life in rat model. Moreover, it exhibited good brain penetration with brain/plasma ratio of 0.75 in mouse. However, compound **12** possessed the high level of inhibition for some of the CYP450 enzymes.

Zheng et al. reported a novel class of 2-aminopyridopyrimidinone-based JNK inhibitors [@b0285]. The pyridopyrimidinone **13** was identified as a potential pan-JNK inhibitor with good stability in mouse and human liver microsomes. However, its oral bioavailability was low, with F = 10% in mice. Further SAR optimization led to compounds **14** with great improvement in the oral bioavailability while maintaining the high potency in terms of JNK inhibitory activity. The crystal structure of compound **14** in complex with JNK3 (PDB 4Y5H) showed that the 2-aminopyrimidine scaffold occupied the adenine-binding site and formed two hydrogen bonding interactions with the hinge region residue Met149; the urea amide made a hydrogen bond with the side chain of residue Gln155; and the oxygen atom in the pyridopyrimidinone core formed a water-bridged hydrogen bond with the side chain amide of Lys93 (Lys55 for JNK1β). Additionally, the pyridopyrimidinone core and isopropyl group were in a network of hydrophobic interactions with nearby residues such as Val78, Ala91, Ile124, Met146, Leu148, Val196, and Leu206. The IC~50~ values of compound **14** for JNK1, JNK2, JNK3 were 21 nM, 66 nM, and 15 nM, respectively, in the biochemical assay, while no inhibition was observed against p38 at the tested concentration of 10 μM. Compound **14** exhibited a clean profile in terms of CYP450 inhibition, good microsomal stability, and better *in vivo* pharmacokinetic properties, with 87% oral bioavailability in mice.

Roche reported a series of 4-quinolone JNK inhibitors for the indication of asthma [@b0290]. Lead compound **15** was derived from the HTS of a compound library combined with the results on similar JNK inhibitors published by Takeda. The goal was to reduce the lipophilicity while improving the JNK potency of this series. Optimization at the 4-position of the benzyl ring and the 7-position of the quinolone resulted in compound **16**, with a good balance of potency and properties. The X-ray structure of an inhibitor from this series bound to JNK1 (PDB 4G1W) suggested that the quinolone carbonyl oxygen moiety interacted with the hinge region residue Met111, while the 4-position substituent of the benzyl group was exposed to the solvent. Compound **16** was profiled against a panel of 317 kinases and showed excellent JNK potency versus other kinases. Later, the 4-quinolone series was evolved into the 8-azaquinolone series for intravenous administration in acute kidney treatment [@b0295]. Compound **17** served as an initial point to profile substituents at the para position of the benzyl ring for the improvement of solubility and cellular potency. Compound **18**, which had a *trans*-adamantyl-OH substituent, showed a good balance between cellular potency, solubility, and microsomal stability. Compound **18** also possessed an excellent selectivity profile in a screen versus a 451-kinase panel, where only JNKs were inhibited by more than 50% at the concentration of 10 μM. The X-ray structure of a compound in the azaquinolone series with JNK1β1-JIP (PDB 4E73) revealed that the carbonyl group of the azaquinolone made a hydrogen bond with the hinge residue Met111, the phenyl was positioned in the space between the side chain of Ile32 and the Asp112/Ala113 plane, the aryl chain pointed out of the ATP pocket, and the amide-linked *trans*-adamantyl moiety sat in the shallow pocket outside of the N-terminal portion of the kinase active site, which is present only in JNKs. The 8-azaquinolone compound **18** showed better *in vitro* and cellular potency compared to the 4-quinolone, with four times higher JNK1 IC~50~ values and 2.5 times higher cellular potency.

Abbott reported a class of 1,9-dihydro-9-hydroxypyrazolo\[3,4-b\]quinolin-4-ones as JNK inhibitors [@b0300]. Compound **19** was identified by HTS of the Abbott compound collection with an IC~50~ value of approximately 1 μM for JNK1 and higher than 50 μM for p38 and ERK2. Replacement of the chlorine subtituent of the phenyl ring by a hydrogen atom or an aryl group led to inactive compounds; in contrast, bromine substitution showed only a slight decrease of inhibitory activity. The removal of the N-hydroxyl group resulted in the loss of JNK activity, while the cellular potency improved in the absence of the acidic hydroxyl proton. The X-ray crystal structure of compound **19** bound to JNK1 (PDB 2G01) was obtained. It revealed that the chlorine substituent of the phenyl ring was oriented towards the small specificity pocket, while the oxygen at N9 position formed a hydrogen bond with the backbone amide of the hinge region residue Met111. Compound **20** was obtained by chance with an IC~50~ value around 0.29 μM for JNK1 and submicromolar cellular potency.

Abbott reported a class of 4-anilinopyrimidines as potent JNK inhibitors [@b0305]. Pyrimidine compound **21** was identified from HTS and was selective for JNK1 over p38 and ERK2. Guided by the NMR-assisted JNK1 active site model, it was considered that the ether portion of compound **21** could interact with Met111, therefore the ether linkage was replaced by a mono-substituted amino substituent in order to donate a hydrogen bond to the backbone carbonyl of Met111. To increase the cell penetrating capacity, a primary amide was used to replace the acid group at the 2-position of the 4-anilino group. Compound **22** was found to exhibit a significant improvement in JNK1 potency in both enzymatic and cell-based assays, and displayed greater selectivity over other kinases. An X-ray crystal structure of compound **22** bound to JNK1 (PDB 2NO3) revealed that the pyrimidine N1 and the 2-anilino group formed 2 crucial hydrogen bonds with the hinge region Met111. The pyrimidine ring and the 4-amide group were oriented towards hydrophobic pocket by an intramolecular hydrogen bond occurring between the 4-amino group and the carbonyl group.

Abbott discovered a series of aminopyridine-based JNK inhibitors [@b0310], [@b0315]. HTS identified acetamide compound **23**, with a JNK1 IC~50~ = 750 nM as well as competitive and reversible binding to the ATP-binding site. An X-ray crystal structure of a compound in this series bound to JNK1 (PDB 2GMX) revealed that the pyridine ring lies within the adenosine binding region, the C-4 amide and the amide carbonyl oxygen formed two weak out-of-plane hydrogen bonds with the hinge region (Glu109 and Met111), the nitril--CN made a weak hydrogen bond with Lys55, and the ethyl ether adapted an orientation towards the ribose binding region. SAR analysis guided by the X-ray crystal structure resulted in a more potent JNK1 inhibitor, compound **24**. Reverse amides provided inhibitors with improved metabolic and oral bioavailability, resulting in identification of compound **25** with better enzymatic potency and cellular activity [@b0315].

Scientists at Takeda reported a series of isoquinolone JNK inhibitors as novel agents for heart failure [@b0320], [@b0325]. HTS identified isoquinolone derivative **26** as a JNK1 inhibitor. Compound **27** was selected after the initial SAR analysis of the hydroxymethyl group at the 3-position and the cyclohexylmethyl group at the 2-position. Docking studies of compound **27** to JNK1 based on crystallographic data for JNK3 revealed that the inhibitor occupied the adenine-binding site by forming a hydrogen bond between the carbonyl oxygen of the isoquinolone and the backbone NH group of Met111 in the hinge region of JNK1. Further SAR optimization led to compound **28**. It showed similarly potent inhibition against all JNK isotypes and showed extremely high selectivity for JNK over other serine-threonine kinases tested. Compound **28** exhibited significant suppression of cardiac hypertrophy at a dose of 10 mg/kg in rat pressure-overload models without affecting blood pressure. The crystal structure of JNK3 and an isoquinolone derivative (PDB 2ZDU) showed that Met149 formed a hydrogen bond with the 1-position carbonyl oxygen, there was an electrostatic interaction between the 4-carboxyl group of the compound and Lys68, and a hydrophobic space around the 6-bromine atom. Further modifications to increase the JNK inhibitory potency in a cell-based assay led to compound **29**. Compound **29** exhibited moderate metabolic stability in human and rat with highly potent inhibition in an H9c2 cell-based assay.

Jiang et al. reported a class of 3,5-disubstituted quinolines as JNK inhibitors [@b0330]. Firstly, a phenanthroline scaffold was discovered by screening of a Merck compound collection which had JNK3 IC~50~ = 590 nM and no inhibition activity observed for p38 (compound **30**). By SBDD, 3,5-disubstituted quinoline compound **31** was developed as a new scaffold for JNK inhibitors. The crystal structure of JNK3 and compound **31** (PDB 2R9S) showed an unusual binding mode that did not utilize the space of the ATP binding site. Two nitrogen atoms of the aminopyridinyl group formed two hydrogen bonds with hinge region residue Met149. This positioned the rest of the molecule to surround the hinge region and stretch out into the solvent.

Shin et al. reported a series of piperazine amides as inhibitors of JNK [@b0335]. HTS identified piperazine amide compound **32** with JNK1 IC~50~ = 0.49 μM, JNK3 IC~50~ = 1.0 μM, and no selectivity against p38. SAR analysis at the 3-position of the phenyl ring showed that larger substituents caused loss of inhibitory activity. Modification of the bromo-furan group did not lead to an increase in JNK potency. Further SAR analysis of compound **32** led to a small boost in potency in compound **33** with JNK3 IC~50~ = 0.16 μM and JNK1 IC~50~ = 0.14 μM. The X-ray crystal structure of compound **33** bound to JNK3 (PDB 3FV8) revealed that the bromofuran ring was positioned deep within the active site, with the furan oriented towards the gatekeeper residue Met146. Piperazine compound **33** made van der Waals contact with Met146, Ile70, Val78, Val196, and Leu206. The amide oxygen interacted with the backbone amide of Met 149 and formed an electrostatic interaction with the backbone carbonyl of Glu147. The sum of many weak interactions provided profound benefit to the binding mode of this series to JNK.

Baek et al. described the binding mode of flavonoid quercetagetin (compound **34**) on JNK1 [@b0340]. The crystal structure of quercetagetin bound to JNK1 (PDB 3V3V) was determined. It revealed that upon the binding of quercetagetin to the ATP-binding pocket, the N-terminal loop forming the active site was repositioned downwards. The 4-hydroxy group of the catechol moiety formed a hydrogen bond network with Lys55 and Glu73, which may be facilitated by the movement of the N-terminal lobe. Hydrogen bond interactions of the hinge region with the benzopyran were observed. The glycine-rich loop shifted down to cover the binding site. This rearrangement appeared to improve the binding of ligands to the substrate binding region. Quercetagetin attenuated JNK1 activity with an IC~50~ value of 4.6 μM, which is even more potent than SP600125 (IC~50~ = 5.2 μM), in the immobilized metal ion affinity-based fluorescence polarization assay. In the cellular assay, quercetagetin suppressed the phosphorylation of c-Jun and reduced cell transformation. In a mouse model of skin carcinogenesis, quercetagetin delayed the development of the tumors over 20 weeks of treatment. This suggested a promising future for quercetagetin in the prevention and therapy of cancer or other chronic diseases.

Ansideri et al. discovered a series of JNK3 inhibitors starting from a pyridinylimidazole scaffold of known p38α inhibitors [@b0345]. Compound **35** was a balanced dual JNK3/p38α MAPK inhibitor with JNK3 IC~50~ = 181 nM and p38 IC~50~ = 11 nM. Optimization of compound **35** by modification of the five-membered heterocylic core, the aryl moiety at the imidazole-C^4^ position, and the pyridine-C^2^ amino function resulted in compound **36**. Inhibitor **36** displayed substantial selectivity for JNK3 over p38α. In the screening against a panel of 45 kinases, 10 kinases were inhibited more than 50% at a concentration of 10 μM of compound **36**. The crystal structure of JNK3 in complex with compound **36** (PDB 6EKD) was obtained to elucidate the binding mode. Compound **36** interacted with Met149 in the hinge region of JNK3 via two hydrogen bonds. A hydrophobic interaction network was observed with proximal residues comprising Ile70, Val78, Met146, Val196, and Leu206. These interactions were favorable for JNK3 because they were unable to occur in the larger binding site of p38α. The methyl substituent was not able to occupy the hydrophobic pocket of p38α, but pointed toward the gatekeeper Met146 in the optimal length. Hence, this methyl group facilitated the JNK3 selectivity against p38α. The binding of compound **36** repositioned the flexible Gly-rich loop downward, leading to the compression of the binding pocket.

4. Inhibitors with the open conformation of the gatekeeper {#s0020}
==========================================================

4.1. Pan-JNK inhibitors {#s0025}
-----------------------

Investigators at Celgene Corporation reported a series of aminopurine-based JNK inhibitors for the prevention of ischemia reperfusion [@b0350], [@b0355]. Compound **37** ([Table 2](#t0010){ref-type="table"}) was identified as an ATP-competitive inhibitor of JNK during a HTS campaign. The crystal structure of compound **37** bound to JNK3 (PDB 3TTJ) revealed that the amino pyrimidine moiety of the aminopurine scaffold formed a bidentate binding motif to Met149 at the hinge region of the binding pocket. The C^8^ anilinyl moiety occupied an induced-fit pocket due to the movement of the gatekeeper residue Met146. SAR-guided optimization led to compound **38** with a \~10-fold higher JNK2/JNK3 inhibition selectivity compared to JNK1 and p38a. Inhibitor **38** was selected as a potential clinical candidate for the prevention of ischemia reperfusion injury [@b0350]. Further optimization of compound **38** for oral administration led to compound **39**. The crystal structure of compound **39** and JNK1 (PBD 3TTI) revealed that the oxygen of the THF substituent has a favorable electrostatic interaction with the side chain NH~2~ of Asn152. Compound **39** exhibited selectivity against a panel of 240 kinases. The efficacy of compound **39** showed potential in the LPS-induced TNFα rat model and the bleomycin-induced pulmonary fibrosis mouse model [@b0355]. Compound **39** underwent two phase II clinical trials in January 2011 in idiopathic pulmonary fibrosis patients [@b0360]. These trials were terminated due to an inappropriate benefit/risk profile.Table 2Structures and *in vitro* characteristics of inhibitors binding to JNK with Met146 in an "open conformation"compounds*In vitro* characteristicscompounds*In vitro* characteristics![](fx37.gif)IC~50~ (JNK1) = 1.1 μM\
IC~50~ (JNK2) = 0.12 μM\
IC~50~ (JNK3) = 0.21 μM\
IC~50~ (p38α) \> 30 μM![](fx38.gif)IC~50~ (JNK1) = 0.27 μM\
IC~50~ (JNK2) = 0.025 μM\
IC~50~ (JNK3) = 0.024 μM\
IC~50~ (p38α) = 0.22 μM![](fx39.gif)IC~50~ (JNK1) = 0.061 μM\
IC~50~ (JNK2) = 0.007 μM\
IC~50~ (JNK3) = 0.006 μM\
IC~50~ (p38α) = 3.4 μM![](fx40.gif)JNK3 96% inhibition\
@ 10 μM\
c-Raf 65% inhibition\
@ 10 μM![](fx41.gif)IC~50~ (JNK1) = 1.0 μM\
IC~50~ (JNK2) = 0.069 μM\
IC~50~ (JNK3) = 0.024 μM\
IC~50~ (p38α) \> 50 μM\
IC~50~ (ERK2) \> 50 μM![](fx42.gif)IC~50~ (JNK1) = 0.11 μM\
IC~50~ (JNK2) = 0.15 μM\
IC~50~ (JNK3) = 0.014 μM\
IC~50~ (p38α) na\
IC~50~ (ERK2) na![](fx43.gif)Ki^a^ (JNK3) = 2.7 μM\
Ki (p38α) \> 100 μM\
Ki (ERK2) \> 30 μM![](fx44.gif)Ki (JNK1) = 0.45 μM\
Ki (JNK2) = 0.07 μM\
Ki (JNK3) = 0.09 μM\
Ki (p38α) \> 20 μM\
Ki (ERK2) \> 50 μM![](fx45.gif)Ki (JNK3) = 0.74 μM\
Ki (p38α) = 0.23 μM![](fx46.gif)IC~50~ (JNK1) = 1.6 uM\
IC~50~ (JNK3) = 0.1 uM![](fx47.gif)pIC~50~^b^ (JNK1) = 5.8![](fx48.gif)IC~50~ (JNK1) \> 10 μM\
IC~50~ (JNK3) = 48 nM\
IC~50~ (p38α) = 30 nM![](fx49.gif)IC~50~ (JNK1) = 101 nM\
IC~50~ (JNK3) = 3 nM\
IC~50~ (p38α) = 903 nM![](fx50.gif)pIC~50~ (JNK3) = 5.0![](fx51.gif)pIC~50~ (JNK1) = 4.0\
pIC~50~ (JNK2) = 6.1\
pIC~50~ (JNK3) = 7.3\
pIC~50~ (p38α) = 5.1\
pIC~50~ (ERK2) \< 4.0![](fx52.gif)pIC~50~ (JNK1) \< 4.0\
pIC~50~ (JNK2) = 5.9\
pIC~50~ (JNK3) = 6.9\
pIC~50~ (p38α) = 5.1\
pIC~50~ (ERK2) \< 4.0![](fx53.gif)pIC~50~ (JNK3) = 6.2\
pIC~50~ (p38α) \< 4.8![](fx54.gif)pIC~50~ (JNK1) \< 5.0\
pIC~50~ (JNK3) = 6.4\
pIC~50~ (p38α) \< 4.8![](fx55.gif)pIC~50~ (JNK1) \< 5.0\
pIC~50~ (JNK2) = 6.5\
pIC~50~ (JNK3) = 6.6\
pIC~50~ (p38α) \< 4.8\
pIC~50~ (ERK2) \< 5.0![](fx56.gif)IC~50~ (JNK1) = 0.073 μM\
IC~50~ (JNK3) = 0.012 μM\
IC~50~ (p38α) = 0.003 μM![](fx57.gif)IC~50~ (JNK1) = 0.17 μM\
IC~50~ (JNK3) = 0.007 μM\
IC~50~ (p38α) \> 20 μM![](fx58.gif)IC~50~ (JNK1) = 0.4 μM\
IC~50~ (JNK3) = 0.025 μM\
IC~50~ (p38α) = 3.7 μM![](fx59.gif)IC~50~ (JNK1) \> 10 μM\
IC~50~ (JNK2) = 0.311 μM\
IC~50~ (JNK3) = 0.206 μM\
IC~50~ (p38α) \> 10 μM![](fx60.gif)IC~50~ (JNK1) = 2.74 μM\
IC~50~ (JNK2) = 0.486 μM\
IC~50~ (JNK3) = 0.115 μM\
IC~50~ (JNK3L144I) \> 10 μM\
IC~50~ (p38α) \> 10 μM[^1]

4.2. Isoform-selective JNK inhibitors {#s0030}
-------------------------------------

Elan pharmaceuticals also reported the triazolone class of selective JNK2 and JNK3 inhibitors [@b0365]. Identification of compound **40** from the screening campaign and further optimization afforded compound **41** with a 10-fold higher JNK2 and JNK3 inhibitory selectivity over JNK1. This compound revealed a clean profile after screening against a panel of 38 kinases. Compound **42** was obtained by chlorine substitution on the naphthalene ring. It exhibited around 10-fold JNK3 selectivity over JNK1 and JNK2, and no measurable IC~50~ value against ERK2 or p38α at 10 μM. An X-ray crystal structure of a compound in this series bound to JNK3 (PDB 3OY1) revealed that the naphthalene ring penetrated deep into the hydrophobic region in [Fig. 1](#f0005){ref-type="fig"}, and sulfur-π stacking interaction was present between Met146 and the bridgehead carbons of the naphthalene ring.

Vertex investigators reported a class of N-benzyl isatin oximes as JNK3 inhibitors [@b0370]. Isatin oxime compound **43**, an ATP-competitive JNK inhibitor, was identified by the HTS campaign as exhibiting moderate JNK3 potency (Ki = 2.7 μM) and selectivity against MAPK family members ERK2 (\>30 μM) and p38 (\>100 μM). SAR-guided optimization identified compound **44**, with the N-substituent being 6-fluoro-4H-benzo\[d\]\[1,3\]dioxin-8-ylmethyl, as the most potent inhibitor in this class, exhibiting good selectivity for JNKs over other kinases. The crystal structure of compound in this series bound to JNK3 (PDB 3G90, cyan in [Fig. 3](#f0015){ref-type="fig"}) revealed that the isatin carbonyl oxygen and the oxime hydroxyl formed two hydrogen bonds with the backbone amide of Met149 and the backbone carbonyl of Glu147 at the hinge region. In this structure, the gatekeeper, Met146 is in the closed conformation. Interestingly, it appeared that introduction of a large substituent at the 4-position of the isatin oxime induced the open conformation of Met146. Several substitutions at the 4-position of isatin oxime were obtained. The crystal structure of JNK3 in complex with compound **45** possessing the 4-styrenyl substituent (PDB 3G9L, yellow in [Fig. 3](#f0015){ref-type="fig"}) showed that the gatekeeper Met146 shifted out to accommodate the styrenyl group in the induced-fit hydrophobic pocket. However, the JNK potency of compound **45** was 5-fold lower than that of the smaller 4-vinyl substituent. It was speculated that opening and filling the pocket by a rigid side chain led to a slight loss in JNK inhibitory activity.Fig. 3Overlaid structures of JNK3 in complex with the compound **44** (cyan stick, PDB 3G90) and **45** (yellow stick, PDB 3G9L). The JNK3 active site is shown in gray ribbon. Hydrogen bonds between the inhibitors and the hinge region of JNK3 are formed in both structures and displayed as red dashed lines. In the JNK3 structure in complex with the compound **45**, the gatekeeper, Met146, is in the open conformation allowing the insertion of the sterenyl group to the hydrophobic region, while the gatekeeper in the structure with of the compound **44** in the closed conformation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Scientists from AstraZeneca reported a series of 6-anilinoindazoles as JNK3 inhibitors [@b0375]. From the HTS campaign, compounds **46** and **47** were obtained with JNK3 and JNK1 inhibition activity, respectively [@b0380]. An X-ray crystal structure of compound **46** bound to JNK3 revealed that the p-fluorophenyl group occupied the selectivity pocket of JNK3. Further optimization by introducing a 6-anilino group on the 3-arylindazol scaffold of compound **47** resulted in compound **48**. An X-ray crystal structure of compound **48** in the ATP pocket of JNK3 showed that the methylthioethyl chain of the gatekeeper residue Met146 moved to accommodate the aniline part of the ligand. There were hydrogen bonds formed between the indazole nitrogens and the backbone amide of Met149, and the backbone carbonyl of Glu147. Compound **48** possessed an excellent selectivity for JNK3 against JNK1. Further optimization identified compound **49** that exhibited excellent JNK3 selectivity relative to both JNK1 and p38. An X-ray crystal structure of compound **49** in complex with JNK3 (PDB 2B1P) revealed a binding mode similar to that of compound **48**. Additionally, the carboxylic acid group made a hydrogen bond with the amide of Asn152, which corresponds to the acidic residue Asp112 in p38.

Investigators at GSK reported a series of 1-aryl-3,4-dihydroisoquinoline inhibitors of JNK3 [@b0385]. Screening for new JNK3 inhibitors identified a weakly potent dihydroisoquinoline compound **50** with pIC~50~ = 5.8. Further SAR exploration resulted in compounds **51** and **52**, in which the methoxy group at the 7-position of the dihydroisoquinoline was replaced by a chlorine. The crystal structure of the bromo-analog of compound **52** in complex with JNK3 (PDB 2WAJ) was obtained. It revealed that the chlorine at the 7-position of the dihydroisoquinoline made an unusual hydrogen bond with the backbone NH of Met149, and a halogen bond with the backbone carbonyl of Glu147, while the 3-chlorophenyl substituent occupied the hydrophobic selectivity pocket, which was exposed by rearrangement of the gatekeeper Met146 and was formed mainly by the sidechains of Met146, Ala91, Leu144, Ile124, Leu206, and Lys93. The bromine atom on the phenyl substituent was in contact with Leu144 (corresponding to Ile106 in JNK1) and Ala91. Compounds **51** and **52** were highly potent inhibitors, with 10-fold and 1000-fold selectivity for JNK3 over JNK2 and JNK1, respectively.

GSK reported a series of N-(3-cyano-4,5,6,7-tetrahydro-1-benzothien-2-yl)amides for JNK2 and JNK3 inhibitors [@b0390]. Compound **53**, N-(3-cyano-4,5,6,7-tetrahydro-1-benzothien-2-yl)amide, was identified as a potent hit by a screening exercise. Optimization based on the SAR resulted in compound **54**, with high selectivity for JNK2/3 over JNK1. An X-ray crystal structure of compound **54** in complex with JNK3 (PDB 2O2U) revealed that the amide of Met149 donated a hydrogen bond to the 3-cyano substituent of **54**, the sulfur of Met146 formed an unusual hydrogen bond with the amide nitrogen, and the Met146 sidechain moved away to allow the 2-(2-fluoro)benzamine substituent to take up the 'induced-fit' hydrophobic pocket, while the amide oxygen of compound **54** made a water-bridged hydrogen bond to Lys93. Guided by the X-ray structure of compound **54**, compound **55** was obtained. Compound **55** was inactive against a panel of 30 kinases. The crystal structure of the JNK3-compound **55** complex (PDB 2O0U) showed that the naphthyl substituent occupied the hydrophobic selectivity pocket, with the piperidine exposed to the solvent.

Kamenecka et al. developed a class of aminopyrazoles for JNK3 inhibitors [@b0395]. First, a series of indazole inhibitors was developed from parent compound **56** to maintain the JNK3 potency while gaining selectivity for JNK3 over p38. However, there was no increase in JNK3 selectivity over p38 observed after SAR optimization. Second, a class of aminopyrazole urea-based inhibitors, which was comparable to the indazole structure, was investigated. SAR analysis led to compound **57**, which had 2800-fold and 20-fold greater JNK3 selectivity over p38 and JNK1, respectively, in an enzymatic assay. Compound **57** showed an IC~50~ value of 1.3 μM for c-Jun phosphorylation inhibition in cell-based activity assays. The crystal structures of JNK3 in complex with indazole **56** (PDB 3FI3) and aminopyrazole **58** (PDB 3FI2), an analog possessing JNK3 potency similar to **57**, were obtained. They showed that both inhibitors bound to the ATP-binding site in a similar fashion. The same hydrogen bonds were formed between the indazole N2 of **56** and the pyrazole N2 of **58** and the backbone amide of Met149 in JNK3. The amide nitrogen atom of compound **56** or **58** made a hydrogen bond with the backbone carbonyl of Met149. The trimethoxyphenyl ring was exposed to the solvent. The gatekeeper residue Met146 adopted a conformational change upon the binding of both inhibitors, hence the 2-fluoro-anilino group of **56** or the urea-phenyl ring of **58** occupied hydrophobic pocket. The structural features of these compounds giving rise to the selectivity in the aminopyrazole class included the highly planar nature of the pyrazole and the N-linked phenyl structures, which better occupy the smaller active site of JNK3 compared to the larger active site of p38. Further optimization of the trimethoxyphenyl ring led to compound **59**, with more than 50-fold selectivity for JNK3 over JNK1 [@b0400].

Park et al. discovered the molecular basis for JNK2/3 isoform selectivity over JNK1 of this aminopurine class [@b0405]. Using sequence alignment between JNK3α1 and JNK1α1 in parallel with comparisons of the crystal structures of JNK3 and JNK1 binding to AMP-PNP, Leu144 in JNK3 and Ile106 in JNK1 were identified as the only distinct residues among 23 residues forming the ATP-binding pocket. A series of five aminopyrazole inhibitors (analogs of compound **57**) showed a decrease \>20-fold in the inhibitory activity for JNK3-L144I in comparison to WT JNK3 in an enzymatic assay. The crystal structure of aminopyrazole **60** bound to WT JNK3 (PDB 4W4V) showed that the aminopyrazole was placed in the ATP-binding pocket and formed a hydrogen bond network with JNK3, in which the phenyl ring occupied the selectivity pocket due to the rearrangement of the Met146 sidechain. This observation suggested that the hydrophobic interaction between the phenyl group and the amino acids in the hydrophobic pocket, in which Leu144 played a critical role, was greatly beneficial for JNK3 selectivity over JNK1.

5. Non-ATP site inhibitors {#s0035}
==========================

5.1. Small molecules {#s0040}
--------------------

Abbott Laboratories reported the discovery of JNK1 kinase non-ATP site inhibitors [@b0410]. An affinity-based screen was performed against the unphosphorylated JNK1 protein using affinity selection followed by mass spectroscopy. A library of \~500,000 small molecules was screened, from which 68 candidate ligands were identified, and 41 were confirmed as ligands for the protein by NMR binding studies. The majority of confirmed ligands (34 of 41 tested) bound to the ATP-binding site. Two compounds (compounds **61** and **62**) ([Table 3](#t0015){ref-type="table"}) bound exclusively to a different site on the inactive form of the protein. Crystallographic studies of JNK1 in the presence of compound **62** were performed (PDB 3O2M) ([Fig. 4](#f0020){ref-type="fig"}). The dimethyl pyrimidine ring of compound **62** occupied a "hydrophobic bend" provided by Ile231 and Tyr230, and its butyl moiety was inserted into a hydrophobic pocket partially provided by the MAP kinase insert containing Trp234 at the bottom. The biaryl tetrazole moiety was positioned in a broad space provided by the activation loop and the second helix from the MAP kinase insert. Given that no specific interactions were observed between the tetrazole group and JNK1, compound **63** was obtained by reducing the size while maintaining critical interactions to improve the cellular potency. Compounds **61**, **62**, and **63** were active in the MKK7/JNK1 activation cascade assay, but not in the JNK1 enzymatic activity assay. This suggested that these inhibitors inhibited JNK1 activity through a mechanism distinct from inhibition of the catalytic activity of JNK1.Table 3Structures and *in vitro* characteristics of non-ATP site inhibitors.compounds*In vitro* characteristicscompounds*In vitro* characteristics![](fx61.gif)K~d~ (JNK1-u) = 11 μM\
K~d~ (JNK1-a) \> 50 μM\
K~d~ (p38-u) = 18 μM\
K~d~ (ERK2-u) = 18 μM\
IC~50~ (JNK1) \> 100 μM\
IC~50~ (MKK7-JNK1) = 7.8 μM\
EC~50~ (P-cJun) \> 30 μM![](fx62.gif)Kd (JNK1-u) = 16 μM\
Kd (JNK1-a) \> 50 μM\
Kd (p38-u) = 17 μM\
Kd (ERK2-u) = 32 μM\
IC~50~ (JNK1) = 6.2 μM\
IC~50~ (MKK7-JNK1) = 7.7 μM\
EC~50~ (P-cJun) \> 30 μM![](fx63.gif)IC~50~ (JNK1) \> 100 μM\
IC~50~ (MKK7-JNK1) = 3.8 μM\
EC~50~ (P-cJun) = 4.0 μMFig. 4Structures of compound **62** (yellow stick) bound to JNK1 (PDB 3O2M, gray ribbon). (A) The compound **62** binding site is different from the ATP-binding hinge region (colored in red). Activation loop is shown in green ribbon. MAPK insert is shown in cyan ribbon. (B) Detailed view of amino acids involved in the non-ATP binding site. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

5.2. Peptides {#s0045}
-------------

Kaoud et al. reported two JIP-derived peptide inhibitors with highly potent JNK2 inhibition [@b0415]. The backbone of JIP^10^-△-TAT^i^ peptide comprised a 10-mer JIP~144-153~ peptide (PKRPTTLNLF) linked to the N-terminus of an inverted HIV-TAT~49-58~ sequence through a 6-aminohexanoyl group. JIP^10^-△-R^9^ peptide was similar to the aforementioned peptide except that the TAT sequence was replaced by a different nine-residue sequence. Both of these peptides significantly attenuated JNK2 activity, with IC~50~ values of 92 nM and 89 nM, which were 12-fold and 150-fold lower than their IC~50~ values against JNK1/3 and p38 or ERK2, respectively. In a cell-based assay, both peptides strongly suppressed the activation/phosphorylation of JNKs. *In vivo*, these JIP-based inhibitors inhibited cell migration in a breast cancer cell line.

Pan et al. engineered a JNK3 peptide inhibitor as a potential therapeutic reagent to protect dopaminergic neurons in PD [@b0420]. A 21-residue peptide, termed JNK3-N-TAT, consisted of a 10-amino acid sequence corresponding to the C~9-18~ segment of the N-terminus of JNK3 connected to an HIV-TAT sequence. This peptide inhibited the binding of scaffolding protein β-arrestin 2 to the N-terminus of JNK3 and strongly attenuated the activation of JNK3 induced by MPP/MPTP in both SH-SY5Y cellular assays and PD mouse models. In an MTT assay, pretreatment of SH-SY5Y cells or primary cultured cortical neurons with 20 μM of peptide resulted in a significant decrease in cell death induced by MPP. *In vivo*, this inhibitor exhibited protective effects against MPTP-induced dopaminergic neuronal injury.

Chambers et al. designed a peptide of outer mitochondrial membrane protein Sab as an inhibitor of JNK mitochondrial translocation [@b0425]. This *retro-inverso* peptide contained 11 amino acids corresponding to the phosphorylated JNK binding site of Sab (AVVRPGSLDLR), attached with an HIV-Tat motif to enhance cellular penetrance. In anisomycin-stressed HeLa cells, Tat-SabKIM1 blocks the mitochondrial JNK signaling, but not nuclear JNK signaling pathway, and prevents Bcl-2 phosphorylation, cell death, loss of mitochondrial membrane potential, and superoxide generation. Furthermore, this peptide protected against 6-OHDA-induced oxidative stress, mitochondrial dysfunction, and neurotoxicity *in vitro* and *in vivo* by inhibiting the JNK mitochondrial translocation [@b0430]. Win et al. reported that Tat-SabKIM1 peptide suppressed the effect of endoplasmic reticulum stress on mitochondrial respiration by inhibiting the interaction of JNK and Sab [@b0435].

The crystal structure of unligand JNK3 bound to JIP1-derived peptide (pepJIP1: RPKRPTTLNLF) (PDB 4H39) and Sab-derived peptide (pepSAB: VVRPGSLDLP) (PDB: 4H3B) were reported by Laughlin et al. [@b0440] These peptides were found to bind to the C-terminal lobe of JNK3. For the binding mode of pepJIP1, Arg160 interacted to residue Glu367 of JNK3 through a salt bridge 2.7 Å, and formed hydrogen bonding interactions with Tyr168, the backbone of Trp362 of JNK3. The backbone and side chains of Thr162 and Thr163 formed extensive hydrogen bond networks with Arg165 of JNK3. PepJIP contacted with JNK3 through a van der Waals network with Tyr171, Asp364, Val197 and Val156 of JNK3. In the pepSAB to JNK3, Arg343 formed an electrostatic interaction with JNK3 Glu367. Gly345 and Ser346 showed a subset of hydrogen bonds to Arg165 of JNK3. Upon the binding of pepSAB, the activation loop of JNK3 coiled into a helix, and docked into the ATP binding pocket. The G-rich loop possessed a considerable shift to accommodate the docking of the helix. By utilizing the structure class analysis of 26 JNK3 structures with or without peptide binding, the author suggested that the binding of peptides induced large interlobe hinge and rotation motion of JNK3.

5.3. MAPK inserts {#s0050}
-----------------

Scientists from Roche suggested that the MAPK insert played a crucial role in regulating the activation of JNK2 [@b0445]. MAPKs share a common sequence insertion in the C-terminal kinase lobe called the "MAP kinase insert." This segment includes two α-helices, α~1L14~ and α~2L14~, which are connected by a short loop. The crystal structure of JNK2 (PDB 3E7O) presented two protein chains, A and B, which adopted two distinct conformations of JNK2's activation loop and the MAPK insert. In chain A, the side chains of Met181 and Met182 were buried in the pocket partially formed by the MAPK insert. The side chain of activation loop residue Tyr185, which is involved in phosphorylation by the upstream kinase MKK4, was buried inside the protein. This conformation, hence, prevented JNK2 from being activated by MKK4. In chain B, the activation loop was not resolved and the MAPK insert moved out. This observation suggested that the MAPK insert regulates JNK2 activity. Further studies should be carried out to understand the reasons behind this conformational change, which likely modulates JNK2 activity.

6. Type II JNK inhibitors {#s0055}
=========================

Scientists from Roche discovered for the first time the crystal structure of a JNK isoform in the "DFG-out" (type II) conformation. In this conformation, the Phe residue of the DFG (Asp, Phe, Gly) triplet on the activation loop points towards the outside of the ATP binding site, which prevents ATP from binding to the active site [@b0450]. The X-ray structure of a complex between JNK2 and the p38α inhibitor BIRB796 (PDB 3NPC, [Fig. 5](#f0025){ref-type="fig"}A) showed that the DFG motif is swung out, allowing the inhibitor to entirely occupy the active site of JNK2 and extend into the pocket formed by helix C, the DFG triplet, and the Gly-rich loop. The Thr183 side chain, which is one of the key residues involved in JNK2 phosphorylation by the upstream kinase MKK7, pointed into the ATP binding pocket, and hence stabilized the JNK2 activation loop in the phosphorylation-incompatible conformation ([Fig. 5](#f0025){ref-type="fig"}B).Fig. 5The binding mode of type II inhibitor in the JNK2 binding pocket. (A) X-ray structure of a complex between JNK2 and the p38α inhibitor BIRB796 (PBD 3NPC). (B) Overlay of X-ray crystal structure of the activation loop in the DFG-out conformation (PDB 3NPC, cyan ribbon) and the DFG-in conformation (PDB 3E7O, purple ribbon) of JNK2. Type I inhibitor is displayed as green stick. Type II inhibitor is displayed as yellow stick. In the DFG-out conformation, Phe170 (cyan stick) pointed out; hence, the type II inhibitor BIRB796 (yellow stick) extended into the pocket provided by the Gly-rich loop, helix C and DFG triplet. Phe170 (purple stick) pointed in the ATP-binding pocket in the DFG-in conformation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

7. Covalent inhibitors {#s0060}
======================

Zhang et al. reported covalent inhibitors that targeted a conserved cysteine in the ATP binding site of JNK family members [@b0455]. Utilizing the phenylamino pyrimidine scaffold, a known c-kit type II inhibitor, to exploit a cysteine residue preceding the DFG triplet of JNKs led to compound **64** ([Table 4](#t0020){ref-type="table"}). It exhibited a high degree of binding for JNK1/2/3 in the Z'-LYTE assay. To confirm the binding mode of this inhibitor to JNK, the crystal structure of an analog of **64** bound to JNK3 was obtained (PDB 3V6R, [Fig. 6](#f0030){ref-type="fig"}). It revealed that the inhibitor bound to JNK3 in the type I binding mode. The pyridine substituent was positioned in the adenine binding site, while the two nitrogen atoms of the aminopyrimidine adopted two hydrogen bonding interactions with Met149 of the hinge region. The amide NH formed one more hydrogen bond to the side chain amide of Asn152, which may help in orienting the acrylamide moiety towards the Cys154 to form a covalent bond. Replacing the acrylamide by an isosteric propyl amide substituent resulted in a great loss in the potency for JNKs, which demonstrated that the covalent bond played a crucial role in the JNK potency of this class. The results from biochemical assays and cell-based kinase assays of a series of 12 compounds in this class showed that inhibitors possessing a 1,4-disposition of the dianiline moiety and a 1,3-disposition of the terminal aminobenzoic acid moiety were highly potent for JNK inhibition. For example, compound **65** exhibited highly potent JNK inhibitory activity in the nanomolar range in the enzymatic and cellular assays.Table 4Structures and *in vitro* characteristics of covalent JNK inhibitors.compounds*In vitro* characteristicscompounds*In vitro* characteristics![](fx64.gif)IC~50~ (JNK1) = 7.78 μM\
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IC~50~ (JNK3) = 11 nM\
EC~50~ (Hela) (P-cJun) = 605 nM\
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IC~50~ (p38) = 36 nM![](fx69.gif)IC~50~ (JNK3) = 2 nM\
IC~50~ (p38) = 1952 nM[^2]Fig. 6X-ray crystal structure of an analog of **64** (PDB 3V6R) binding to ATP-binding pocket of JNK3 (gray ribbon). Compound formed a covalent bond with residue Cys154. The hydrogen bonds between the compound and JNK3 are shown with dashed red line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The series of 12 compounds was profiled against a panel of 200 kinases. Compound **66** and **67**, which were prepared by replacing the pyridine moiety by a larger substituent in order to fully occupy hydrophobic pocket, possessed high selectivity for JNKs, while other analogs still strongly inhibited other kinases. Compound **66** exhibited IC~50~ values of 4.7, 18.7, and 1 nM for JNK1, JNK2, and JNK3, respectively, and IC~50~ values of more than 230 nM for other kinases. Apart from JNKs, compound **67** inhibited IRAK1, HIPK4, AKT2 with IC~50~ values \<90 nM. Thus, compounds **66** and **67** could provide a promising platform to develop the irreversible intracellular inhibitors for the JNK family by targeting the conserved cysteine residue in the ATP binding pocket.

Muth et al. reported a class of pyridinylimidazoles as cysteine-directed covalent inhibitors of JNK3 [@b0460]. Pyridinylimidazole **35**, a potent scaffold for JNK3 and p38 inhibition as reported in previous work, was chosen for further optimization by SAR analysis to elaborate the covalent binding mode [@b0465]. Docking compound **35** into JNK3 suggested that the fluorophenyl ring was placed in the selectivity pocket, while two hydrogen bonds were made with Met149. Encouraged by the binding motif of covalent inhibitor **65** to JNK3 [@b0455], the linker connecting the scaffold and the warhead of the compound was optimized. Compound **68** showed great potency, with IC~50~ values of 0.3 nM and 36 nM for JNK3 and p38, respectively. This significant improvement in the JNK3 inhibitory activity suggested that compound **68** may orient towards and form a covalent bond with Cys154. Further modification to get higher selectivity for JNK3 over p38 resulted in compound **69** by replacing the 4-fluorophenyl ring with a methyl substituent. Compound **69** exhibited \~1000-fold JNK3 selectivity over p38. The cysteine-directed covalent bond formation was confirmed by mass spectrometry. Compounds **68** and **69** were screened against a panel of 410 kinases at the testing concentration of 1 μM to profile their selectivity within the kinome. Inhibitor **68** inhibited 15 kinases, while compound **69** inhibited only 5 kinases including three JNK isoforms.

8. Bivalent halogen/chalcogen bond {#s0065}
==================================

Lange et al. exploited the sulfur atom of the gatekeeper residue Met146 for attractive hydrogen bonding interaction in the design of JNK3 aminopyrimidine-based inhibitors [@b0470]. Halogen/hydrogen analogs of aminopyrimidine, in which chlorine was considered to interact with Met146 [@b0265], were generated. In this ligand series, all halogenated ligands exhibited significantly higher affinity in binding to JNK3 compared to an unsubstituted ligand. Neither the bromine nor the iodine analog was able to attain a significant advance in JNK3 binding relative to the chlorine analog in the fluorescence polarization assay and isothermal titration calorimetry. To define the role of the halogen bond in the kinase selectivity, Met146 was mutated to alanine, leucine, or threonine. Mutation to the smaller alanine showed a strong drop in the binding affinity, suggesting the importance of the gatekeeper interactions in the binding affinity of all ligands. Mutation to the threonine showed a significant loss in ligand binding affinity, which was consistent with the results with p38. This indicated that no alterative halogen bond was able to be formed with the threonine oxygen. In contrast, leucine was able to compensate for the loss in methionine interaction by making the hydrophobic/dispersive interactions with halogen atoms, and in this case, chlorine was greatly preferred over bromine or iodine. Therefore, although the choice of halogen was unable to change the ligand binding affinity to JNK3, it had an important effect on kinase selectivity. The X-ray crystal structure of the iodine derivative bound to JNK3 (PDB 4X21) revealed that the ligand was tightly placed in the adenine binding site with a network of hydrogen bonding interactions made by Met149, Glu147, and Lys93. Interestingly, Met146 was found to be engaged in not only a bivalent halogen bond with the ligand, but also a chalcogen bond with the proximal Met115 in the C-helix of hydrophobic pocket. This dual interaction strongly stabilized the Met146 flexibility. The probability of having two methionine residues at these two positions was only 9.3% in the human kinome. Among JNKs, while JNK3 and JNK1 share this feature, JNK2 does not possess this methionine combination. Therefore, this observation may be utilized in the design of selective kinase inhibitors.

9. Summary {#s0070}
==========

There are more than one hundred structures of JNKs in complex with various inhibitors. In terms of the potency of JNK inhibitors, some kinds of interactions, such as the formation of hydrogen bonds between the inhibitor and the hinge region of the kinase in the ATP binding site, are generally common to the complexes, even though there are rare examples in which the inhibitor does not utilize such interactions. However, to increase the potency and to introduce selectivity of the inhibitors, additional interactions are necessary. To get further insight into the development of JNK inhibitors, we scrutinized the details of these structural complexes, including hydrophobic interactions. Especially in JNKs, there is a wide and deep hydrophobic region whose accessibility is controlled by the gatekeeping amino acid methionine. Here we have reviewed the characteristics of JNK inhibitors with the gatekeeper in 'open' and 'closed' conformations. In 'open' conformation of the gatekeeper, the hydrophobic region was accessible by the inhibitors where varieties of interaction including hydrophobic interaction contribute to potency and selectivity of the bound compounds. From this review, it is obvious that there are more non-specific inhibitors in the category of the 'closed' conformation structures and that the number of isoform selective JNK inhibitors is higher in the category of the 'open' conformation structure. Usually in the 'open' conformation structure of JNK in complex with inhibitors, spacious structural motifs occupy the hydrophobic region and provides the selectivity. From this work, we hope that investigators attain a deeper understanding of the interactions between JNK inhibitors and the kinase and find clues to design and synthesize more potent and selective inhibitors.
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[^1]: Since some compounds such as compounds 47 and 50 are primary hits and un-optimized ones, there were no isoform-selective data. ^a^Ki: inhibitory constant, ^b^pIC~50~: -log IC~50.~ All values are adopted from the original publications.

[^2]: The incubation time for biochemical assay (IC~50~): 60 min, cellular assay: 90 min (Hela cell line), 180 min (A375 cell line).
